Introduction
============

N-heterocyclic compounds are of great importance in pharmaceuticals and are also versatile building blocks for natural products, bioactive compounds, and drug synthesis.^[@cit1]^ Transition metal-catalyzed oxidative C--H cyclization of anilines and their derivatives has recently emerged as one of the most attractive and powerful strategies for the efficient construction of N-heterocycles in terms of atom and step economy.^[@cit2]--[@cit6]^ In the past decades, N-monosubstituted secondary (2° amine) anilines and alkynes have been extensively used in this field with the assistance of stoichiometric oxidants in most cases (i, [Scheme 1a](#sch1){ref-type="fig"}).^[@cit3],[@cit4]^ However, despite this significance, the preparation of 2° anilines often requires tedious multi-steps because the tertiary (3°) amines would be mainly obtained by a traditional substitution reaction. In addition, the difficulty in removing the R group from the formed N-heterocycles also limits their further transformation.

![Aerobic oxidative annulation strategies to construct heterocycles.](c7sc02181j-s1){#sch1}

In contrast, primary (1°) and tertiary (3°) anilines are more readily available. However, only a few examples of oxidative cyclization reactions with 1° anilines have been reported (ii, [Scheme 1a](#sch1){ref-type="fig"}),^[@cit6]^ because of the instability of these primary anilines under strong oxidative conditions, and because they usually prefer to undergo acylation, hydroamination, and homocoupling.^[@cit7]^ Moreover, the C--H cyclization of alkynes with 3° anilines which are easily prepared is still unknown because cleavage of one C--N bond must be overcome in this process (iii, [Scheme 1a](#sch1){ref-type="fig"}).^[@cit8]^ Most efforts in the field of C--N bond cleavage of 3° anilines have been focused on amination, alkylation, and arylation transformations.^[@cit9]^ Therefore, the practical oxidative C--H cyclization of 1° and 3° anilines as stable chemicals to construct N-heterocycles is very desirable but still a challenging issue. In addition, the transition metal-catalyzed C--H cyclization of anilines with green and mild O~2~ as the oxidant^[@cit10],[@cit11]^ is also very desirable.

Herein, using an aerobic oxidative strategy, we report an efficient Rh-catalyzed C--H cyclization of simple anilines, alkynes, and CO ([Scheme 1b](#sch1){ref-type="fig"}). The advantages of this protocol are threefold: (1) a wide range of anilines are significantly employed in this cyclization protocol and this enables new direct routes to N--H and N--R quinolin-2(1*H*)-ones, which represent an important class of fused heterocyclic compounds found in many alkaloids.^[@cit12],[@cit13]^ To the best of our knowledge, this chemistry is the first straightforward transformation of primary anilines to N--H quinolin-2(1*H*)-ones, whose synthesis usually suffers from multi-step synthesis including protection and deprotection processes.^[@cit13]^ In addition, the intermolecular C--H cyclization of tertiary anilines with alkynes through C--N cleavage was still unknown until this case. (2) O~2~ is successfully utilized as the sacrificial oxidant for the aerobic oxidative cyclizations in efficient ways to fulfill the requirements of green chemistry.^[@cit10],[@cit11]^ (3) In contrast to the well-known two component aerobic oxidative cyclizations for N-heterocycles such as indoles,^[@cit3]^ this chemistry provides a three component cyclization approach to N-heterocycles with CO, which has been used as a prominent C1 synthon in organic synthesis.^[@cit14],[@cit15]^

Results and discussion
======================

We initially chose *N*,*N*-dimethylaniline (**1a**), simple aniline (**2a**), *N*-methylaniline (**3a**), and dec-5-yne (**4a**) as model substrates for the investigation of C--H cyclization with CO ([Table 1](#tab1){ref-type="table"}). Considering the simple anilines could not survive well with strong oxidant, we started the screening with O~2~ as the oxidant under atmospheric pressure. Interestingly, we were excited that the reaction of **1a** catalyzed by \[Rh(CO)~2~Cl\]~2~ with a catalytic amount of Cu(OPiv)~2~ (10 mol%) afforded *N*-methyl-quinolin-2(1*H*)-one **5a** in 20% yield (entry 1, [Table 1](#tab1){ref-type="table"}). Changing the mixed gas ratio and screening ligands demonstrated that dppb performed best under a mixed gas of CO/O~2~ = 2 : 1, giving the product **5a** in 60% yield (entries 2--8). Finally, **5a** was obtained in 72% yield under the optimized conditions with a catalytic amount of PivOH as the additive (condition A, entry 9, [Table 1](#tab1){ref-type="table"}). Control experiments indicated that the Cu and Rh catalysts were both essential for this transformation (see entry 10, [Tables 1](#tab1){ref-type="table"} and S1 in the ESI[†](#fn1){ref-type="fn"} for details). Meanwhile, the C--H cyclization with the primary aniline **2a** was also investigated. To our delight, under similar conditions (condition B, entry 11, [Table 1](#tab1){ref-type="table"}), aniline (**2a**) was smoothly converted into the corresponding N--H quinolin-2(1*H*)-one **6a** in 67% yield. Finally, under the optimized conditions (condition B, entry 12, [Table 1](#tab1){ref-type="table"}), the reaction of *N*-methylaniline (**3a**) produced **5a** in 85% yield.

###### Optimization for the reaction of *N*,*N*-dimethylaniline (**1a**), aniline (**2a**), and *N*-methylaniline (**3a**) with dec-5-yne (**4a**)[^*a*^](#tab1fna){ref-type="fn"}

  ![](c7sc02181j-u1.jpg){#ugr1}                                        
  ------------------------------- -------- ---------- ---- ----- ----- ------------------------------------------------------
  1                               **1a**   ---        10   100   4/1   **5a**, 20
  2                               **1a**   ---        10   100   1/2   **5a**, 34
  3                               **1a**   SIMes      10   100   1/2   **5a**, 36
  4                               **1a**   Xantphos   10   100   1/2   **5a**, 41
  5                               **1a**   BINAP      10   100   1/2   **5a**, 46
  6                               **1a**   dppp       10   100   1/2   **5a**, 46
  7                               **1a**   dppb       10   100   1/2   **5a**, 49
  8                               **1a**   dppb       10   100   2/1   **5a**, 60
  9                               **1a**   dppb       20   30    2/1   **5a**, 74(72)[^*c*^](#tab1fnc){ref-type="table-fn"}
  10                              **1a**   dppb       0    30    2/1   **5a**, trace
  11                              **2a**   ---        10   100   4/1   **6a**, (67)[^*c*^](#tab1fnc){ref-type="table-fn"}
  12                              **3a**   ---        10   100   4/1   **5a**, (85)[^*c*^](#tab1fnc){ref-type="table-fn"}

^*a*^Reaction conditions: aniline **1a--3a** (0.3 mmol), alkyne **4a** (0.45 mmol), Rh catalyst (2 mol%), ligand (5 mol%), Cu catalyst (*x* mol%), and additive (*y* mol%) in PhCl (2 mL) under 1 atm CO/O~2~ (v/v, 1 atm) at 130 °C for 36 h.

^*b*^Yields were determined by GC analysis.

^*c*^Isolated yields.

With the established aerobic oxidative conditions in hand, we initially examined the scope of tertiary anilines **1** with alkynes **4** under condition A ([Table 2](#tab2){ref-type="table"}). The reaction proved to be tolerant of different substitution patterns on the aromatic core. In general, both electron-donating and electron-withdrawing substituents of anilines were well tolerated under these conditions (**5a--h**). Anilines substituted with halogens (F, Cl, and Br) afforded the corresponding quinolin-2(1*H*)-ones in moderate to good yields (**5d--f**), which could be used for further functionalization. In addition, other alkynes were compatible to give the expected products under condition A in moderate efficiencies (**5i** and **j**). The asymmetrical aryl alkyl alkynes were also suitable for this reaction, affording the corresponding products in good yields with moderate regioselectivity (**5k** and **l**).

###### Substrate scope of tertiary anilines[^*a*^](#tab2fna){ref-type="fn"}

  -------------------------------
  ![](c7sc02181j-u2.jpg){#ugr2}
  -------------------------------

^*a*^Condition A: see entry 9, [Table 1](#tab1){ref-type="table"}. Isolated yields.

^*b*^ **4** (2 equiv.) was employed.

Furthermore, we investigated the scope of *N*,*N*-dialkylanilines to determine whether *N*-ethyl and *N*-benzyl groups were compatible (**5m** and **n**). Interestingly, when *N*-ethyl-*N*-methylaniline was treated with **4a**, two products **5m** and **5a** were obtained in 49% and 18% yields, respectively. *N*-benzyl-*N*-ethylaniline was smoothly converted into the products **5m** and **5n** in 37% and 23% yields, respectively. It is worth noting that *N*-methyl-*N*-(prop-2-yn-1-yl)-aniline provided **5a**, while *N*-methyl-*N*-phenylaniline afforded **5o** as the sole product in 31% yield, which could not be produced from diphenylamine under condition B. The activation of *N* groups has the order of Me \> Bn \> Et \> Ph, indicating that the less sterically hindered alkyl group is much more facile for cleavage.

On the basis of the optimization studies, we then evaluated the scope and generality of primary anilines in this transformation ([Table 3](#tab3){ref-type="table"}). In general, primary anilines containing electron-rich/deficient functional groups reacted smoothly to give N--H quinolin-2(1*H*)-ones **6a--k** in moderate to good yields. Furthermore, a series of *o*-substituents can be compatible and the corresponding quinolin-2(1*H*)-ones were obtained in 40--79% yields (**6l--q**). The annulation proceeded well with disubstituted aniline (**6r**). The protocol could also be applied to olefin-containing aniline, thereby allowing further derivatization of the formed quinolin-2(1*H*)-one **6s**. When the reaction was carried out using a heterocyclic amine, the desired product **6t** was obtained in 20% yield. Additionally, a diarylalkyne reacted smoothly to give the corresponding product **6u** in moderate yield. For the unsymmetrical aryl alkyl alkyne, its annulations gave the desired compounds (**6v** and **w**) in 35--40% yields with moderate regioselectivity. Interestingly, multi-substituted pyridin-2(1*H*)-one **6x** could be constructed from the enamine through this synthetic strategy albeit in low yield (15%, [Table 3](#tab3){ref-type="table"}).

###### Substrate scope of primary anilines[^*a*^](#tab3fna){ref-type="fn"}

  -------------------------------
  ![](c7sc02181j-u3.jpg){#ugr3}
  -------------------------------

^*a*^Condition B: see entry 11, [Table 1](#tab1){ref-type="table"}. Isolated yields.

^*b*^ **4** (3 equiv.) was employed.

^*c*^ **2** (2 equiv.) and **4** (1 equiv.) were employed.

At this point, a range of secondary anilines **3** were also fully compatible under the conditions B ([Table 4](#tab4){ref-type="table"}). A variety of *N*-methylanilines bearing electron-donating or electron-withdrawing substituents on the phenyl ring underwent the annulation to afford the corresponding quinolin-2(1*H*)-ones (**5c--g** and **5p--s**) in moderate to excellent yields. For more broadly synthetic interests, various functionalized groups, such as halides, free carboxylic acid, esters, and nitriles were tolerated. In the case of *N*-alkyl substituted anilines with a PMB group, even with a cyclopropyl group, the desired quinolin-2(1*H*)-ones (**5t** and **u**) were obtained successfully. Interestingly, tetrahydroquinoline, tetrahydro-1*H*-benzo\[*b*\]azepine, and dihydrodibenzooxazepines smoothly led to the more complex poly-heterocyclic compounds (**5v--x**) in moderate to good yields, which are usually found in natural products as the core structural motif and show possible bioactivity. Diaryl-substituted alkynes also were proved to be very suitable to such annulations, thus yielding the corresponding products **5y--z** in 62% yields. The unsymmetrical alkynes were also suitable for this reaction, affording the corresponding products in high yields with moderate regioselectivity (**5k** and **l**).

###### Substrate scope of secondary anilines[^*a*^](#tab4fna){ref-type="fn"}

  -------------------------------
  ![](c7sc02181j-u4.jpg){#ugr4}
  -------------------------------

^*a*^Condition B: see entry 12, [Table 1](#tab1){ref-type="table"}. Isolated yields.

^*b*^ **3** (0.6 mmol) and **4** (0.3 mmol) were employed.

After having proven a wide substrate scope tolerance, this protocol was further applied to the synthesis of significant intermediates and complex bioactive molecules. To be specific, a mixture of **1a** and **3a** can be converted into the sole product **5a** in good yields ([Scheme 2A](#sch2){ref-type="fig"}), which demonstrates that the secondary aniline could also be tolerated by the protocol. Notably, compound **7**, known as a potential p38aMAP kinase inhibitor,^[@cit16]^ can be directly constructed in satisfactory yield through the protocol ([Scheme 2B](#sch2){ref-type="fig"}). Additionally, the significant intermediate **9**, which can undergo further derivatization to obtain supramolecular catalysts, can be directly obtained through only one step from the corresponding primary aniline **8** under the current standard condition B ([Scheme 2C](#sch2){ref-type="fig"}). In contrast, **9** was reported to be prepared through six steps through Larock's method including the intermediacy of *o*-iodoamide.^[@cit17]^ The current protocol could be applied to the late-stage construction of α 4 integrin inhibitory **15** from aniline **3m** and the prepared alkyne **14**, in 40% total yield with four steps ([Scheme 2D](#sch2){ref-type="fig"}), which has potential utility in medicinal chemistry.^[@cit18]^

![Further application of the protocol to synthesize significant intermediates and complex bioactive molecules. (a) Et~3~N, DCM, RT, 2 h, 99%; (b) Tf~2~O, Py, DCM, RT, 1 h, 62%; (c) MeC0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CTMS, Pd(dppf)Cl~2~, CuI, iPr~2~NEt, DMF, 90 °C, 24 h, 98%.](c7sc02181j-s2){#sch2}

To gain some preliminary understanding of the reaction mechanism, several experiments were carried out under the standard conditions. An isotopic labelling experiment was carried out on the model reaction of **1a** or **3a** with **4a** under standard conditions, and a H/D exchange of 6% in product **5a** was found with the addition of deuterated water, thereby implicating a reversible cyclometalation mode \[eqn (1)\]. In addition, the intermolecular KIE for the annulation reaction was determined to be *k* ~H~/*k* ~D~ = 1.13 for **1a** and 1.04 for **3a**, indicating that C(sp^2^)--H bond cleavage should not be involved in the rate-determining step of the catalytic cycle \[eqn (2)\].

Control experiments showed that no desired product was observed in the absence or presence of CO, when formylated aniline **16** was treated with **4a** \[eqn (3)\]. These results indicate that the formation of formylated aniline is not involved in this process. In addition, carbamic chloride **17** also did not give the expected product **5a** through oxidative addition in the presence of Rh catalyst \[eqn (4)\]. It is worth noting that deuteration of *N*-methyl groups results in a significant KIE, *k* ~H~/*k* ~D~ = 2.53 for intramolecular KIE and *k* ~H~/*k* ~D~ = 2.00 for intermolecular KIE, indicating that C(sp^3^)--H bond cleavage might be involved in the rate-determining step for tertiary anilines \[eqn (5) and (6)\]. Besides, when *N*,*N*′-dibenzylaniline was employed, a 5% yield of benzaldehyde (**18**) was detected along with the expected product \[eqn (7)\]. This by-product is likely to be generated from the imine intermediate formed *in situ* through the oxidation of C(sp^3^)--H at the *ortho* position of the N atom. The kinetic experiments show that the initial reaction rate of **3a** is about three times that of **1a** ([Fig. 1](#fig1){ref-type="fig"}), implying that the C--N bond cleavage of **1a** was the key step.

![Annulation profile under conditions A or B: red circles for **1a**; black squares for **3a**.](c7sc02181j-f1){#fig1}

Based on our preliminary mechanistic studies, we conducted a density functional theory (DFT) investigation into the Rh-catalyzed assembly of anilines, alkynes, and CO for quinolin-2(1*H*)-one construction to better understand the mechanism of this transformation.^[@cit19]^ The *t*Bu groups in acid and *n*Bu groups in alkyne were replaced by methyl groups to save computational time but without sacrificing credibility. Initially, the direct aerobic oxidation of Rh([i]{.smallcaps}) to Rh([iii]{.smallcaps}) is calculated to be endergonic by 31.1 kcal mol^--1^ and the generation of the intermediate **INT2** requires a free energy of 34.2 kcal mol^--1^, indicating that the direct aerobic oxidation of Rh([i]{.smallcaps}) is disfavored ([Fig. 2](#fig2){ref-type="fig"}). However, Rh([i]{.smallcaps}) can be easily oxidized to Rh([iii]{.smallcaps}) by Cu([ii]{.smallcaps}), which is slightly endergonic by 11.6 kcal mol^--1^. The formed Cu([i]{.smallcaps}) can also be oxidized to Cu([ii]{.smallcaps}) using O~2~ in the presence of carboxylic acid, with a free energy of 19.9 kcal mol^--1^. This is consistent with the experimental observation that the Cu catalyst plays a pivotal role in the transformation.![](c7sc02181j-u5.jpg){#ugr5}

![Direct and Cu-assisted aerobic oxidation of Rh([i]{.smallcaps}).](c7sc02181j-f2){#fig2}

The C--N bond cleavage process with tertiary aniline is interesting. On the basis of the previous results and our primary experiments,^[@cit9],[@cit20]^ the calculations showed that the Cu([ii]{.smallcaps}) species are capable of oxidizing tertiary aniline through single electron transfer (SET) and hydrogen atom transfer (HAT) pathways to give the iminium-type intermediate, which requires a free energy of 8.8 kcal mol^--1^ ([Fig. 3](#fig3){ref-type="fig"}). The formed iminium-type intermediate is then facilely hydrolyzed to the secondary aniline by the elimination of aldehyde as an exergonic process by 34.9 kcal mol^--1^. The Cu([i]{.smallcaps}) catalyst is then reoxidized by oxygen to form the Cu([ii]{.smallcaps}) species in the presence of carboxylic acid, with a free energy of 19.9 kcal mol^--1^.

![DFT-computed energy profiles for quinolin-2(1*H*)-one construction through Rh-catalyzed assembly of anilines, alkynes, and CO. The energies discussed are the Gibbs free energies in PhCl (Δ*G* ~sol~). The numbers in the parentheses are the Gibbs free energies in the gas-phase (Δ*G*).](c7sc02181j-f3){#fig3}

When the Rh([iii]{.smallcaps}) species **INT3** is formed, the coordination of the secondary aniline **3a** to Rh([iii]{.smallcaps}) species is exergonic by 7.9 kcal mol^--1^ to give the stable complex **INT4** that undergoes further dehydrogenation with the release of HOAc to furnish **INT5** endergonicly ([Fig. 3](#fig3){ref-type="fig"}). Then, the consequent insertion of CO from Rh to aniline takes place through the transition state **TS1** with an activation free energy of 22.1 kcal mol^--1^ to afford **INT6**. The following H-abstraction through the transition state **TS2** requires an activation free energy of only 1.8 kcal mol^--1^ to afford the much more stable **INT7**. After the ligand exchange of **INT7** with alkyne **4**, the formed rhodacycle complex **INT8** undergoes alkyne insertion through two stepwise pathways. When the C(Ar)--C(alkyne) bond was formed preferentially, it required an activation free energy of 20.0 kcal mol^--1^ to afford the seven-membered rhodacycle **INT9**. Finally, the reductive elimination is facile through **TS4** with an energetic barrier of only 5.3 kcal mol^--1^, delivering the product **5** exogonicly, whilst regenerating the Rh([i]{.smallcaps}) catalyst. Alternatively, when the C(CO)--C(alkyne) bond was formed preferentially, the barrier to the transition state **TS5** was high at 31.6 kcal mol^--1^, which is 11.6 kcal mol^--1^ higher than **TS3**, although the consequent reductive elimination occurs almost without a barrier to provide the product **5**. The delivered Rh([i]{.smallcaps}) species **INT1** is reoxidized to the Rh([iii]{.smallcaps}) complex **INT3** in the presence of Cu([ii]{.smallcaps}). Reviewing the whole energy profile, we found that the CO insertion and alkyne insertion in the Rh([iii]{.smallcaps}) species are the key processes for this transformation.

This synthetic strategy can be efficiently catalyzed by the Rh-catalysis system. However, a Pd-catalysis system proved ineffective experimentally. Accordingly, the energy profile of the unreactive Pd-catalysis system was also calculated for comparison ([Fig. 4](#fig4){ref-type="fig"}, see the ESI[†](#fn1){ref-type="fn"} for details). It was found that the Pd-catalysis system suffers from a high energetic barrier of 38.3 kcal mol^--1^ (**TS9**) in the alkyne insertion process due to the unstable quadridentate fashion of the Pd complex, although the CO insertion is facile with an energetic barrier of only 13.6 kcal mol^--1^ (**TS7**). This is qualitatively consistent with the experimental observation. In addition, an Ir-catalysis system has been employed in a recent report.^[@cit4c]^ The current calculation study indicated that the CO insertion catalyzed by the Ir complex suffers from an activation free energy of 28.3 kcal mol^--1^, which is 6.2 kcal mol^--1^ higher than that of the Rh-catalysis, once again in agreement with the experimental demand of 30 atm CO for Ir-catalysis.

![DFT-computed transition state structures of CO insertion and alkyne insertion in Rh and Pd catalysis systems.](c7sc02181j-f4){#fig4}

Conclusions
===========

In conclusion, a wide variety of anilines, especially simple primary and tertiary anilines, were successfully employed in intermolecular C--H cyclization with alkynes and CO. This novel protocol using Rh-catalysis provides a direct approach to N--H/*N*-substituted quinolin-2(1*H*)-ones. The readily available anilines and the operationally simple conditions under 1 atm mixture of CO and O~2~ make this protocol very practical, green, and sustainable. This chemistry provides a direct route to quinolin-2(1*H*)-ones, which are biologically significant N-heterocycles and useful building blocks in organic synthesis. DFT calculations suggest that the relay of CO insertion and alkyne insertion in Rh-catalysis are disclosed as the key processes, while the unreactive Pd-catalysis suffers from a high energetic barrier in the alkyne insertion process due to the unstable quadridentate fashion of the Pd complex. Further applications of this transformation are ongoing in our laboratory.
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[^1]: †Electronic supplementary information (ESI) available: Experimental details and spectral data. See DOI: [10.1039/c7sc02181j](10.1039/c7sc02181j) Click here for additional data file.
